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NATIONAL ADVISOBI COMMITIEE FOB ASBONAOTICS 
B&iK^B^h_JtfflMM8ANDrod 

INVESTIGATION OF THE AEBODZNAMIC AND ICING 
CHABACTERISncS OF A BECESSED FUEL 
CELL VENT ASSEMBLY 
II - BAMP FLOOB VEBKF-TQHE MQIUKFING 
By Bobert S. Buggerl 


SUMMABI 

An investigation has been oooducted in the BACA Cleveland icing 
reseeun^h tunnel to detennlne aerodyaaniic icing charaoteristlcs 
of a ramp- type recessed fuel cell vent assembly with the vents 
located on the floor of the ramp. Vent-tube static-pressure differ- 
entials and pressure surveys over the vent ramp vere obtained as a 
function of angle of attack and tunnel-air velocity. Icing sj^mtI- 
ments vere made at medium euid hl^ angles of attack at tunnsl- 
'alr velocities of 220 and 370 feet per second to determine the vent- 
tube pressure and alr-flov losses. 

The resxilts of the aerodynamic investigation shov that because 
the vent tubes are not located in the area of iwfrtTmmi pressure^ the 
vent-tube static pressures are submarginal for a tunnel-air velocity 
of 220 feet per second and angles of attack up to 12^. The vent 
tubes remained ice-free under severe icing and freezing-rain condi- 
tions for icing periods to 60 minutes. Severe and rapid losses 
in pressxire and moderate losses in air f lev throu^ the vent tubes 
vere observed during the icing period. These losses vere due to 
icing of the ramp and rear vail of the vwit and the vlng surface. 


INTRODUCTION 

An Investl^tlon to detezmine the pressxire and icing character- 
istics of a recessed fuel cell vent installation has been conducted 
in the icing research tunnel of the NACA Cleveland laboratory as 
port of a general study of aircraft icing. 


BESTBICTED 
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The irecessed fuel vent Installation^ located on the lover sur- 
face of the outer vLng panel, vas designed as a modification of the 
c on figuration described in reference 1. The vent tubes in the con- 
figuration for this investigation, however, were located on the 
floor of the ramp rather than on the rear slope. The recessed 
vents are Intended to replace fusel^e and nacelle flush-type vents, 
idii<^ are believed to constitute a serious fire hazard. Because 
the location of the recessed vents are in an area susceptible to 
icing, particularly duz*lng low-speed cruise, climb, and letdown 
•p ngh t. conditions, it vas necessary to determine whether ice foima- 
tlons on the vent could sufficiently reduce the vent air flow or 
fuel-cell internal pressure to cause collapse or failure of the 
fuel cells. 


AFPARATBS AND XNSTROMERTATION 

An BACA 65,2-216 airfoil section Of 8-foot chord was \xsed as 
a wing model for the vent installation (fig. l). The wing model 
was equipped with an external electric heater over the leading-edge 
region back to 20-peroent of chord. Details of the vent are shown 
in figure 1(b) . 

The vent assembly vas so Installed that the reeur edge of the 
recess was located at 67 percent of chord on the lower surface of 

the airfoil section. Three tubes 1^ Inches in diameter (tubes 1, 

2, and 4, fig. 1(b)) and one tube 1 inch in diameter (tube 3) were 
mounted flush on the bottom of the recess with the tube openings 
normal to the wing surface, each tube extended to a common 
outlet on the upper surface of the airfoil. Valves were placed in 
the vent lines to control air flow and the flow of air was measured 
by means of a calibrated orifice Installed in each vent tube. In 
addition to the orifice pressure measurements, one static pressure 
was meaEKired on the upstream ' side of each tube 1 inch inside the 
opening, reaap surface statlc-press\ire measurem«its were made 
at ninft locations on the center line of the ramp, as shown in 
figure 2, 

Simulated freezing-rain icing oondltloxis were provided cy 
alr-atosnl zing water- spray nozzles located upstream of the airfoil 
section. 
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SZFEBIMEBTAL TECHNIQUES AND BBOCETOaE 

Aerodjnamlo. - Aerodjnamlc ejqperlmeoats similar to those In 
reference 1 vere conducted vLthout air f lov emd eith an air flov 
of 0.6 pound per minute thzx>ugh the large vent tubes. The vent 
pressure charactezl sties vere determined as a function of tunnel- 
air velocities of 220 and 350 feet per second and at angles of 
attack ranging frcmi (P to 12<>. 

Icing. - The Icing characteristics of the vent installation 
vere determined for angles of attack of 7° emd 14° and at tunnel- 
air velocities of 370 emd 220 feet per second, respectively. The 
icing conditions ranged from a ll^uld-vater concentration of 1.0 
to 1.5 grams per cubic meter for ambient-air ten^ratures from 0° 
to 23° F. I2ie droplet else for these experiments vas microns, 
based on volxmie maximum. The Icing Investigation vas conducted 
at high angles of attack In order to expose the vent openings and 
the vent ramp to the maximum direct vater Impingement. 

The vent Installation vas also Investigated for a freezlng- 
raln condition, at an amblent-alr ten^rature of 23° F, In vhloh 
the llquld-vater concentration vas approximately 1.8 grams per 
cubic meter and the droplet size vas larger than 20 microns. 


KESOLTS AND DISCUSSION 

During the aerodynamic Investigations, the tunnel blocking 
effect by the vlng at hl£^ angles of attack affected the reading 
of the static tube used to obtain tunnel static pressure. The 
data presented herein cure not corrected for tunnel vail effects 
and blocking. 

A minimum positive pressure differential of 2 Ixiches of vater 
betveen the interior of the fuel cell emd the fuel-cell ccaqpeurtment 
has been recommended by the Douglas Aircraft Company for satisfac- 
tory operation of the fuel cell. This criterion has been used to 
evaluate the merits of the vent system under Investigation. A 
reduction of this pressure differential ml^t leetd to collapse of 
the fuel cells under certain operating conditions. 

AerodynA.mio. . variation of pressure distribution over 
the vent surface and the rear vent vail Is presented In figure 3 
for various angles of attack. The pressures are presented In tezms 
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of the pressure coefficient 


P-Pq 


-where p is the surface static 


pressure, Pq is the free-stream static pressure, and Is the 


free-stream velocity pressure. All local static pressures at the 
v^stream end of the vent ramp eu:e negative. At the bottom of the 
ramp, the surface pressures are positive at angles of attack greater 
th€m 4®. 


The pressures obtained at the openings of the vent tubes for 
angles of attack ranging from 0® to 12® are shown In figure 4 for 
the condition of no vent air flow. The vent-tube pressure Is shown 
as a static-pressure differential (Pg-Po); vhere Pg Is the 
static pressure measured 1 Inch inside the tube opening. The vent- 
tube pressure Increased rapidly with Increasing angles of attack. 
For the high tunnel-air velocity, the pressure differential reaches 
a maxliDum at an angle of attack of 9®, and this peak Illustrates 
the effect of tunnel blocking by the wing at high angles of attack. 
The low velocity curve shows this tendency to peak at approximately 
12 ®. 


The marginal vent pressure condition of 2 Inches of water 
positive pressure Is not attained for the range of angles of attack 
Investigated at a tunnel-air velocity of 220 feet per second. This 
marginal vent pressiire Is at-balned at an angle of attack of approx- 
imately 6.5® for a tunnel-air velocity of 350 feet per second. On 
the basis of these observations, the vent Installation Is submarginal 
In Its aerodynamic characteristics at air velocities below 220 feet 
per second for angles of attack up to 14®. 

Icing. - In general, the Icing Investigation of the recessed 
vent Installation showed that the vent lines remained free of Ice 
formations, althou^ the air flow and the static pressure in the 
vent line were reduced. On an. over-all basis, the vent surfaces 
were coated with a ll^t Ice formation. The vent ramp was se-verely 
Iced only at the upstream end. Considerable Ice formations 
accreted to the rear slope of the vent Installation for long 
lolng periods very light frost foxmatlcms were observed In the 
vent tubes. 

Photographs of typical formations of Ice on the vent wing 
surfaces are shown in figure 5. The lolng condltloi for this part 
of the Investigation was as follows: tunnel-air velocity, 220 feet 

per second; angle of attack, 14°; amblent-alr temperature, 23® F; 
and liquid-water content, 1.5 grams per cubic meter. At the end 
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of 30 minutes (fig. 5(a)), only a light ice formation vas otaerved 
on the vent ramp and no ice or frost vas observed in the vent tubes. 
At the rear of the vent installation, a ridge of ice approximately 
3 / 4 -inch thick vas built up near the ving surface. These formations 
of ice, particularly at the rear edge of the vent recess. Increased 
in size and extent as the icing period vas Increased (fig. 5(b)). 

The growth of ice at the rear of the vent installation 
occasionally protruded into the air stream to ouch an extent that 
a scoop effect vas obtained, as shown in figure 5(b). The ice for- 
mation shovn in figure 5(b) Increased the pressure in the bottom 
vent tube. 

For the icing conditions investigated, the static pressure in 
the vent tubes and the air flow through the vent tubes- veire reduced 
with progressive icing. These losses vere caused by rough ice for- 
mations on the ving surface upstream of the vent ramp, ll^t ice 
fozmatlons on the vent ramp, and frost formations inside the vent 
tubes. Q^e fact that the upstream orifice static pressure the 
vent-tube static pressure gave identical readings under all icing 
conditions indicates that the vent-tube static-pressuire openings 
did not ice. The variation of vent- tube static pressiire air 
flow with time for the icing condltloine shovn in figure 5 is pre- 
sented in figures 6 and 7, respectively. 

The vent- tube pressure is plotted as a pressure differential 
(Ps~Pq)» III general, the pressure differential decreased rapidly 

with time during the icing peirlod. Figure 6 shows that the desired 
2- inch pressure differential between the vent-tube pressure and the 
ambient static pressure is submarginal for a non-icing condition. 

The increase in pressure differential in vent tube 4 near the end 
of the icing period is accounted for by the scooping effect of the 
ice .fozmat ions as described in the discussion of figure 5(b). 

After the tunnel shutdown at the end of 30 minutes, some ice for- 
mations were blown off the wing surface idien the tunnel was 
restarted. The reduction of the wing ice fozmatlons account for 
the increase in vent-tube pressure differentials shown to occxu:* at 
point A in figure 6. 

A typical reduction of vent air flow with time duzdng an icing 
period is shown in figure 7. From an original value of 0.605 pound 
per minute, the air flow through a vent tube decreased with time, 
as shown in figure 7. The icing conditions vere the same as for 
figure 5. The partial removal of wing surface ice fozmatlons 
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(point a) bad the effect of increasing the air flow tbrou£^ the rent 
tubes by reducing the roughness upstream of the vent openings and 
by reducing the turbulent condition of the air f lov over the vlng 
surface. 

Icing esperlments were also conducted at an euogle of attack 
of 7° and tunnel-air velocities of 220 and 370 feet per second at 
amblent-alr temperatures of 20° and 0° F, respectively. The Icing 
characteristics of the vent Installation and the pressure losses 
for these esperlments vere similar to, but less severe them, those 
described for an angle of attack of 14^. 

During the simulated freezlng-raln e^erlment (fig. 8) the 
ice foznatlons on the vlng were observed to build up nozmal to the 
surface rather than facing Into the air stream. The Ice fozmatlon 
Just eift of the vlng de-icer accummulated to a maximum thickness 
of 2.5 Inches. The results of the simulated freezlng-raln es^erl- 
ment vere similar to the Icing experiments In that the vent pres- 
sure and air flov through the vent tubes decreased rapidly vlth time. 


CONCLUDING EEMAEK 

The characteristics of several modifications of ramp-type 
recessed fuel cell vent assemblies, in i^lch the vent tubes are 
mounted on either the floor or the rear vail of the ramp, are being 
Investigated In the NACA Cleveland Icing research tunnel. 


SUM»iASY: OF EESUIZrS 

The follovlng results vere obtained from an aerodynamic and 
Icing Investigation of a recessed fuel-cell vent Installation vlth 
vent tubes mounted at the vent ramp floor: 

1. The results of the aerodynamic investigation shov that the 
pressures at the vent-tube openings are submarginal. A vent-tube 
pressvire differential of less than 2 Inches of vater at the tube 
opening vas attained at angles of attack up to 12° and a tunnel-air 
velocity of 220 feet per second. 

2. The recessed fuel-cell vent tubes remained Ice-free for 
angles of attack up to 14° under severe Icing and simulated fireezlng- 
rain conditions of 30- to 60-mlimte duration. 
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3. Severe and rapid losses in the vent- tube static pressure 
were recorded under icing conditions at angles of attack of 7® to 
14®, A change in tunnel-air velocity from 220 to 370 feet per 
second at an angle of attack of 7® did not appreciably change the 
icing characteristics of the vent installation. 

4. The vent- tube air flow was decreased by the general icing 
characteristics of the vent installation and the ice foxinations on 
the wing sintface. 


Plight Propulsion Besearch Laboratory^ 

National Advisory Cammlttee for Aeronautics, 
Cleveland, Ohio, February 5, 1948. 
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(a) Vent assemb}^ located on lower wing surface. 


Figure 1. - Eecessed fuel tank vent assembly installed on NACA 65,2-216 airfoil section in 

icing research tunnel. 




(b) Close-up view of vent installation. 

Figure 1, - Concluded. Eecessed fuel tank vent assembly installed on NACA 65,2-216 air- 
foil section in icing research tunnel. 





Figure 2. - Schematic diagram of fuel-tank vent assembly showing locations of static 

pressure tubes. 
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Surface distance, in. 

Figure 3, - Effect of angle of attack on pressure distribution over fuel vent ramp 
surface. No vent air flow; tiinnel velocity, 220 feet per second. 
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Figure 4# - Variation of vent-tube differential static pressure 
with angle of attack. No vent air flow. 
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Figure 5. - Photographs of Ice formations on fuel cell vent and wing sxa*face. Tunnel-air velocity, 220 feet per second; angle 
of attack, 14 ; ambient-air temperature, 23° F; liquid-water content, 1.5 grams per cubic meter; droplet size, 15 microns. 
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Figure 5, - Concluded. Photographs of ice formations on fuel cell vent and ving surface. Tunnel-air velocity, 220 feet per 
second; angle of attack, 14°; ambient-air temperature, 23° F; liquid -water content, 1.5 grams per cubic meter; droplet size 
15 microns . 
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Figure 6. - Variation of vent-tube differential static pressure 
with icing time for 60-mlnute icing period. Tunnel-air 
velocity, 220 feet per second; angle of attack, 14^; ambient- 
air temperature, 23^ P; liquid-water content, 1.5 grama per 
cubic meter; droplet ' size , 15 microns- 
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Pigxire 7, - Variation of typical' vent air flow (vent tube 1) 
with icing time for 60-minute icing period. Tunnel-air 
velocity, 220 feet per second; angle of attack, 14®; ambient 
air temperature, 23^^ F; liquid-water content, 1.5 gr^s per 
cubic meter; droplet size, 15 microns. 
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Figure 8. - Photographs of ice formations on fuel cell vent and vlng surface after 35-mlnute freezing -rain condition. Tunnel- 
air velocity, 220 feet per second; angle of attack, 14®; ambient-air temperature, 23° F; liquld-vater content, approximately 
1.6 greuDs per cubic meter; droplet size, larger than 20 microns. 




